The fruit fly Drosophila melanogaster, like most organisms, exhibits increased sleep amount and depth in young compared to mature animals. While the fly has emerged as a powerful model for studying sleep during development, qualitative behavioral features of sleep ontogeny and its genetic control are poorly understood. Here we find that, in addition to increased sleep time and intensity, young flies sleep with less place preference than mature adults, and, like mammals, exhibit more motor twitches during sleep. In addition, we show that ontogenetic changes in sleep amount, twitch, and place preference are preserved across sleep mutants with lesions in distinct molecular pathways. Our results demonstrate that sleep ontogeny is characterized by multifaceted behavioral changes, including quantitative and qualitative alterations to sleep as animals mature. Further, the preservation of sleep ontogenetic changes despite mutations that alter sleep time suggests independent genetic control mechanisms for sleep maturation.
Introduction
Nearly all species exhibit ontogenetic sleep changes, which most prominently include increased sleep amount in early life [1] [2] [3] . The ontogenetic hypothesis of sleep proposes that early life sleep facilitates ongoing brain maturation [1] . Consistent with this idea, sleep disturbances in humans during infancy and childhood can be deleterious to cognitive and emotional development and are highly prevalent across neurodevelopmental disorders [4] [5] [6] [7] .
Sleep in the fruit fly Drosophila melanogaster shares many features with mammalian sleep [8, 9] 
including ontogenetic

Statement of Significance
Our data combining high-resolution behavioral tracking with video monitoring in Drosophila provide novel insight into sleep during early development, revealing conserved features of sleep in young animals. Our findings support the idea that genes regulating sleep ontogeny are distinct from those that regulate overall sleep duration. Deepening our understanding of early life sleep is highly relevant towards studying the function for sleep in the developing brain. changes, with increased sleep amount and intensity in early adult life [10] [11] [12] . We have previously shown that young adult flies sleep significantly more during the day and night than their mature counterparts, have more consolidated sleep, and are harder to arouse [12] . It is unknown whether other characteristics of sleep might undergo ontogenetic changes in Drosophila. For example, selection of a preferred resting location is a broadly conserved feature of sleep across species [13] . Several studies in mature flies have described stereotyped sleep place preferences, but it is unknown whether young flies also prefer to sleep in certain locations [14] [15] [16] [17] . Additionally, work in young rodents has demonstrated increased motor twitch frequency during sleep episodes, which is thought to facilitate sensorimotor development [18] . Characterization of such qualitative changes in Drosophila sleep during early adult development could reveal additional conserved elements of early life sleep, enhancing the utility of this tractable model system for studying sleep ontogeny.
Most studies of sleep in Drosophila, including our prior work on sleep ontogeny, have utilized the single beam (SB) Drosophila activity monitoring (DAM) system, in which flies are individually housed in glass tubes with a single infrared (IR) beam in the center detecting movement [9, 10, 14] . Based on originally described behavioral criteria and later studies of arousability, the absence of beam breaks for a period of greater than or equal to 5 minutes constitutes sleep [10, 14, 19] . While this system is extremely useful for studying many aspects of sleep, it does not provide information about most small fly movements or location during sleep episodes, so behaviors such as twitching and sleep place preference cannot be evaluated. To investigate whether additional aspects of sleep behavior show ontogenetic change in flies, we used the multi-beam (MB) DAM system, which expands on the SB system by using 17 IR beams, providing higher resolution sleep-activity data as well location information [20] . Additionally, we performed high-resolution video monitoring to complement MB studies and evaluate more complex sleep behavior.
We have previously shown that high sleep amounts in young adult flies stem from reduced activity in wake-promoting dopaminergic projections to the sleep-promoting dorsal fan-shaped body (dFSB), resulting in increased dFSB activity to drive sleep [12] . As flies mature, dopaminergic projections become more active, inhibiting the dFSB and reducing sleep amount. Despite knowledge of involved circuitry, it remains unknown which genes regulate sleep ontogenetic change. Over the past several years, many genes have been discovered that control sleep duration in mature adults [8] . Given that these genes exert significant effects on mature adult sleep, it is possible that certain mutations may also interfere with sleep ontogenetic change. We thus examined sleep ontogeny in several short-or longsleeping mutants with lesions in distinct molecular pathways; these include fumin (DAT transporter) insomniac (adapter for the Cul3 ubiquitin ligase), redeye (nAChR), shaker (K+ channel), sleepless (K+ channel regulator), taranis (cell cycle regulator), ADAR (RNA editing gene), and DTH (Drosophila tyrosine hydroxylase) [21] [22] [23] [24] [25] [26] [27] [28] .
Here, we report that ontogenetic changes from early to mature adulthood occur in multiple sleep behaviors in Drosophila, including sleep duration, motor twitches, and place preference. Further, we show that ontogenetic changes in sleep persist in all studied sleep mutants, suggesting that the genetic control of sleep ontogeny is distinct from the genetic control of overall sleep duration.
Materials and Methods
Fly stocks and husbandry
Flies were raised and maintained in bottles on standard molasses food at 25°C on a 12:12 hour light:dark cycle. Fly stocks were as follows: Iso31 [29] , fumin [21] , redeye [23] , shaker [24] and sleepless [25] were gifts from Amita Sehgal, taranis [26] was a gift from Kyunghee Koh, DTH ple [2] BAC and DTH FS± Bac ("DA-deficient") [28] were gifts from Jay Hirsh, UAS RNAi ADAR (VDRC #7764) was a gift from William Joiner, and insomniac [22] was a gift from Nicholas Stavropoulous. Fumin, redeye, sleepless, shaker, RNAi ADAR, and taranis were back-crossed >7 generations into Iso31. Insomniac was outcrossed to an isogenic w1118 strain as previously described [22] . Unless otherwise specified, all studied flies were males. For experiments in Supplementary Figure S1 involving changes in food type, flies were raised on the specified food type from eclosion until sleep monitoring.
MB analysis
For all ontogeny experiments, unless otherwise noted, day 1 males were compared to day 7-10 males of the same genotype [12] . We did not detect any differences in sleep between day 7-10 in our system (data not shown). Flies that were assayed as mature adults were initially collected as virgins within 4 hours of eclosion and housed in same sex vials in groups of 20 until loading at ZT6-9 (Zeitgeber Time) the day prior to data collection. Young adult flies were collected up to 4 hours after eclosion, and housed in same sex vials until loading along with mature adults. Individual flies were loaded into glass MB DAM tubes containing 5% sucrose and 2% agar unless otherwise specified, and placed into the MB DAM monitor (www.trikinetics.com). Sleep traces were created and total sleep amount analyzed using PySolo software [30] . Fly location heat maps were created using data from the "Dwell" function, which records fly position in each tube at each second over the course of a reading; data from all flies was averaged at each time point to give the average percentage of time spent in a given tube position. Location heat maps were scaled as such: a red heat map signal reflects the highest possible average percentage of time in a given position across all conditions in a given experiment. For example, if the greatest average amount of time spent in a given beam is 30/60 seconds across all conditions in a given experiment, the red signal would correspond to 50%. However, if the greatest average amount of time spent in a given beam is 60/60 seconds across all conditions in an experiment, the value of the red signal changes to correspond to 100%. Scaling in this manner facilitated comparison between groups. A blue signal indicates that 0% of time on average across all flies was spent in the given position. Sleep proportion heat maps were created using data from the "Moves" function, which only counts movement between beams rather than activity occurring within a beam. For each minute of analysis, the number of flies sleeping in a given beam was divided by the total number of sleeping flies (to be counted as "asleep", each individual fly had to meet the previously defined criteria of 5 minutes or more of immobility 
Video recording and analysis
To mimic MB recording conditions, individual flies were loaded into glass MB DAM tubes on the day prior to recording. Tubes were laid adjacent to one another, flat on a white surface for appropriate video contrast. The tubes were evenly spaced and illuminated to avoid variations in lighting. A Sony HDR CX405 was used to acquire videos of six flies simultaneously. For video experiments in Figure 2A , one-third of the DAM tube closest to the food was visible within frame for the video to optimize resolution and distinguish feeding/proboscis extensions from true inactivity. Our video recording approach prevented us from simultaneously monitoring in the MB system and directly correlating video and MB fly position. However, since the 17 IR beams in the MB system are evenly spaced at 3 mm apart and a fly body length is approximately 2-3 mm, we defined fly position and movement based on body lengths and made close comparisons to the MB system. In the MB monitoring system, it is likely that a fly within one body length of the food would register as being in the beam immediately adjacent to the food, while greater than one body length away from the food would likely register as the next beam. Likewise, if a fly moves more than one body length, this would likely register as inter-beam movement. Videos were scored in 1 minute bins, and fly behavior was categorized as "out of frame" (fly was not in the portion of the tube being recorded), "moving" (a change in location of greater than one body length), "still, away from food" (immobile and greater than one body length away from the food), "still, near food" (immobile and less than one body length away from the food) and "eating" (visible proboscis extensions contacting the food). Videos were scored at 5× speed in 1-minute bins; each minute was scored as one of the five described behaviors if the fly was engaged in that behavior for >30 seconds. Thirty minutes of recording was scored at four different circadian time points: ZT1, ZT3, ZT5, and ZT7. This video scoring method likely overestimates the errant registration of sleep when an animal is actually feeding: so a 3-minute "eating" episode followed by locomotion would not register as 5 continuous minutes of immobility in MB or appear as sleep in the heat maps. Even during prolonged feeding bouts, flies exhibit small movements that may register as activity, so the portion of time scored as "eating" may not entirely appear as immobility in the MB data.
For video experiments in Figure 3E (twitch), one-third of the tube where we expected to observe the most sleep for the given genotype/age based on sleep heat maps was recorded. Twitches were scored at 10× speed using the following criteria: (1) occurring within a 5-minute (or longer) bout of behavioral quiescence; (2) at least one body length away from the food, or oriented away from the food; and (3) defined as clear bouts of activity in isolated appendages. Three hours of recording from ZT3 to ZT6 was scored per fly blind to experimental condition.
Arousal threshold experiments
Flies were placed in the same recording setup as in all video recording experiments. A stimulus was applied at four time points throughout the day: ZT1, ZT3, ZT5, and ZT7. We detected no differences in arousal within an experimental condition across the time points. The stimulus consisted of a 700 g weight dropped adjacent to recording apparatus from a height of 20 cm. "Low" intensity corresponds to two stimulus applications 1 second apart, and "medium" intensity corresponds to the stimulus being applied three times. A fly exhibiting activity within 10 seconds of stimulus application was scored as "aroused" by the stimulus.
Sleep deprivation experiments
Mechanical sleep deprivation was accomplished using a Trikinetics vortexer mounting plate, with shaking of monitors for 2 seconds randomly within every 20-second window for 12 hours during the night. Thermogenetic sleep deprivation was accomplished by raising the temperature to 27°C for the last 6 hours of the night; outside of this deprivation window, flies were monitored at 22°C.
Statistical analysis
Analysis was done using Prism (GraphPad Software). Unpaired Student's t-test was used in Figure 1 Figure 3 , B-E, Figure 4 , B and C, Figure 5 , B and C, and Figure 6 , B-D and F-H. For significance: *p ≤ 0.05; **p < 0.01; ***p < 0.001, ****p < 0.0001. Each experiment was generated from a minimum of three independent biological replicates.
Results
Young flies show less preference for sleeping location
We first examined sleep ontogeny in wild-type Iso31 flies using the MB DAM system. Our previous work demonstrated robust ontogenetic changes in sleep amount and intensity when comparing flies on day 1 post-eclosion to day 7-10 in the SB DAM system [12] , so here we also compared young (day 1) flies to mature (day 7-10). We found that ontogenetic changes in sleep amount were still present in the MB system, indicating that previously observed ontogenetic changes in the SB system were not a result of overestimating sleep amount in young flies ( Figure 1 , A and B). In the MB system, day 1 wild-type male flies slept an average of 1081 ± 16 minutes total throughout the day and night, while day 7-10 flies slept an average of 896 ± 17 minutes ( Figure 1 , A and B). Consistent with work in the SB system, wake activity was not different in young compared to mature adult flies monitored in the MB system (Supplementary Figure S1A) .
Most animals prefer to sleep in defined locations [13] and previous work has shown that mature flies exhibit location preferences for their sleep episodes [14] [15] [16] [17] . We wondered whether young flies also have a preferred sleeping location. We generated heat maps showing the proportion of sleep that occurred in each beam during each minute of monitoring ( Figure 1C ). We found a stark difference between where young (day 1) and mature (day 7-10) flies sleep: while mature flies in our experiments slept most in the beam closest to the food, consistent with previous reports [14] [15] [16] (Figure 1C , lower panels), young flies showed less preference regarding the location of their sleep episodes during the daytime, distributing themselves along the length of the tube ( Figure 1C, upper panels) . Further, night sleep episodes shifted towards the food side of the tube as flies matured ( Figure 1C ). Ontogenetic changes in sleep place preference were not specific to males: mature female flies preferred to sleep closer to the food, while young females showed less of a preference ( Figure 1C , right panels). To quantify the change in sleep place preference we calculated a PPI for each condition, where −1.0 indicates sleep occurred closest to food and 1.0 indicates sleep occurred farthest from the food. We found that mature males and females displayed a significantly stronger food location preference during the daytime than did young males and females ( Figure 1D ). Males also exhibited a significant ontogenetic change in sleep PPI during the night, while females showed a similar trend ( Figure 1D ). We also observed that flies tended not to sleep two beams away from the food; this is consistent with the original observation that flies often turn away from the food, walk a few paces and then settle into a sleep bout [14] . We also confirmed that sleep place preferences are not dependent on Figure S1 , B-E).
In the SB system, prolonged feeding bouts or escape behaviors at either end of the DAM tube can erroneously register as sleep, as awake flies may not break the center beam when engaged in these behaviors [15, 16] . Despite the higher resolution, this confound between feeding and sleeping may also occur in the MB system. To determine whether the high amount of daytime sleep in this system may actually be feeding, we performed high-resolution video monitoring of flies in the MB DAM tubes, focusing on the one-third of the tube closest to the food. At this resolution, we could clearly distinguish proboscis extensions and feeding behaviors from rest. We defined position relative to the food using fly body lengths (see Methods). We analyzed 30 minutes of recording at four circadian time points in flies under 12:12: light:dark conditions: ZT1, ZT3, ZT5, and ZT7.
In mature flies, the majority of immobile episodes in the vicinity of the food consisted of true inactivity without feeding behavior, in keeping with previous work [15] (Figure 2A ). These periods of inactivity were associated with increased arousal threshold compared to feeding flies near the food, confirming that the behavioral quiescence was indeed sleep (Supplementary Figure S2 ). Consistent with previous data, mature day 7 flies did not exhibit much sleep at ZT1 (Figure 2A , lower panel) [10] . We did find that ~40% of the time at ZT3, mature flies were actually feeding while immobile near the food (Figure 2A, lower panel) . However, this only appeared to be true for a short period of time in the earlier part of the day, as at ZT5 and ZT7 respectively, mature flies only spent 13% and 18% of their time feeding but 35% and 32% of their time immobile near food (Figure 2A , lower panel, Supplementary Video S1). Moreover, our video analysis likely overestimates the errant registration of sleep when an animal is actually feeding (see Methods). In addition to the time spent immobile immediately adjacent to the food, flies spent an average of 23% of their time (across three timepoints, ZT3, ZT5, and ZT7) immobile in the video frame but not immediately next to the food. This indicates that they were often immobile in the one-third of the tube closest to the food, in keeping with our heat map data. We also noticed that for mature adults, very little time (an average of 6% across all time points) was spent in the two-thirds of the tube away from the food ("out of frame").
Overall, this video data corroborates our heat map analysis, confirming that mature flies are not merely eating all day, but genuinely prefer to sleep near the food.
In contrast to mature adults, video recording of young flies indicates lack of sleep place preference as well as greater amounts of immobility in general throughout the day (Figure 2A , upper panel). We observed a clear difference in the percent of time spent "moving" at ZT1 (56% compared to 100% for mature flies), consistent with previous observations that after lights on at ZT0, young flies have a shorter latency to sleep onset [12] . When scoring the videos, we noticed that awake, "moving" flies of either age generally walk back and forth across the full length of the tube and take less than 1 minute to do so, rather than just moving around on one side of the tube. Thus, if a fly was scored as "out of frame" for 1 minute or more, it is likely that the fly was immobile/sleeping. We thus considered "out of frame" as immobility away from the food, and saw that young flies spent much more time "out of frame" (an average of 36% across all time points, six times as much as mature flies). Video recordings of the entire tube confirmed that in addition to sleeping in the portion of the tube visible at higher resolution, young flies also slept in the two-thirds of the tube away from the food (Supplementary Video S2). Young flies did not only sleep away from the food, as the higher resolution recording showed that they spent an average of 20% of their time immobile within frame. Therefore, young flies have not developed a strong sleeping place preference. Importantly, mature flies do not simply eat more than young flies: mature flies were found to eat in more prolonged bouts (greater than 1 minute, scored as "eating"; Supplementary Video S3), while young flies ate in bouts of less than 30 seconds in between walking back and forth (Supplementary Video S4). Additionally, we have previously shown using the CAFÉ feeding assay [31] that young and mature flies eat the same amount over a 24-hour period [12] . In sum, our results demonstrate reduced sleep place preference in young adult flies.
To test whether the change in sleep place preference with maturation is a function of attenuated sleep drive, we examined whether sleep deprivation of mature adult flies also reduces sleep place preference. Wild-type mature flies (day 7) were mechanically sleep deprived for 12 hours during the night and sleep place preference during the subsequent period of rebound sleep was compared to non-deprived flies ( Figure 2B ). We detected no difference in sleep place preference between deprived and non-deprived flies during the rebound period ( Figure 2C ), despite increased sleep duration of sleep-deprived flies ( Figure 2B ). Because different types of wake-promoting stimuli result in distinct sleep rebound profiles [32] , we next tested whether activation of wake-promoting neurons known to induce particularly large subsequent sleep rebound might yield a change to sleep place preference. Cha+ neurons were thermogenetically activated during the night, and we assessed subsequent sleep rebound the following day ( Figure 2D ). Once again, sleep-deprived animals in which Cha+ neurons had been activated did not display reduced sleep place preference in comparison to genetic controls also exposed to the elevated temperature, and may even display a slight increase in food side preference ( Figure 2E ). Additionally, we found that sleep depriving young, day 1 flies similarly did not alter sleep place preference (Supplementary Figure S2C) . Together, these data suggest that the relative lack of sleep place preference in young flies is not simply due to their heightened sleep drive, and constitutes a distinct feature of sleep ontogeny. 
Young flies exhibit more motor twitches during sleep
While analyzing video recordings we noticed that flies, like mammals, exhibit motor twitches during sleep [33] . Twitches are composed of clear bouts of activity in isolated appendages in between periods of behavioral quiescence [18] . It has been previously shown that mammals twitch more during sleep when young, which is thought to be critical for sensorimotor development [18, 34, 35] . We, therefore, investigated whether flies also undergo ontogenetic change in sleep twitch frequency. Using video recordings, we counted twitches during sleep episodes in day 1 versus day 7 wild-type flies. We found that like mammals, flies twitched significantly more when young ( Figure 2F ). We observed that these twitches consisted of stereotyped movements including leg and proboscis extensions (not near the food) as well as central thorax/abdominal muscle twitches resulting in full body contractions (Supplementary Videos S5-S8). Thus, another central feature of sleep ontogenetic change in mammals is also conserved in flies.
Short sleeping mutants exhibit ontogenetic changes in sleep amount
We next examined whether any of the known mutations that reduce sleep time in mature flies also interfere with sleep ontogeny. We investigated sleep ontogenetic change in several short sleeping mutants: fumin (fmn), insomniac (inc), redeye (rye), shaker (sh), sleepless (sss), and taranis (tara) [21] [22] [23] [24] [25] [26] . Interestingly, we found that ontogenetic change in sleep amount persisted in all of these mutants, as day 1 flies invariably slept significantly more than day 7 flies of a given genotype (Figure 3, A-D) . Even mutants with severely reduced sleep time as mature adults, such as sss or rye, still showed significantly increased sleep when young. Ontogenetic changes to both day and night sleep amount were significant for all mutants, except for rye, which only exhibited a change in night sleep (Figure 3 , B and C). We next tested whether all mutants undergo a similar amount of sleep reduction from young adulthood to maturity compared to wild-type flies. We found that ontogenetic changes in sleep amount were particularly exaggerated in fmn and tara mutants, suggesting potential molecular pathways that may influence sleep maturation (Supplementary Figure S3) . Overall, these results indicate that despite distinct molecular etiologies of a short sleeping phenotype, sleep ontogenetic change is still preserved across all studied short-sleeping mutants.
Are ontogenetic changes in sleep twitching similarly preserved in short-sleeping mutants? We focused on inc [1] mutants because of the less severe short sleep phenotype (higher chance of observing sleep episodes) and fmn mutants because of the exaggerated ontogenetic change in sleep duration. We found that, like wild-type flies, both inc [1] and fmn mutants twitched more when young ( Figure 3E ). Interestingly, we also observed that inc [1] flies twitched significantly more at both ages than did iso or fmn flies (Figure 3E ), raising the interesting possibility that the inc [1] mutation may modulate overall sleep twitch amount.
Short sleeping mutants display ontogenetic changes in sleep place preference
Most studies of short sleeping mutants have focused on sleep and activity amounts, but it is not known whether these mutants have place preferences for their sleep or activity bouts. We first characterized overall location preferences of short sleeping mutants. Using the "Dwell" function in the MB system, which reports fly location for each second of recording, we created location heat maps showing the average percentage of time flies spent in each beam for each minute (Figure 4) . The location heat map for Iso31 wild-type flies looks similar to the sleep proportion heat map ( Figure 1C) , suggesting that the majority of Dwell time consists of episodes that fit the criteria for sleep, and are thus included in the sleep proportion heat map. We also noticed that most of the short sleeping mutants tended to be located either in the beam closest to the food or farthest from the food, consistent with previously published MB data [36] . Based on our video scoring of flies moving within a tube, this likely reflects the tendency of awake, moving flies to walk back and forth, passing through the middle beams without much Dwell time while incurring Dwell time on either end as they turn within a beam. Further, we noticed that time spent in the beams closest to the food appeared greater at day 7-10 across all genotypes ( Figure 4A ). To quantify this change, we calculated an overall PPI (not limited to sleep) and found that ontogenetic changes in location preference occurred during both the day and night for the majority of mutants ( Figure 4 , B and C).
Since short-sleeping mutants spent more overall time near the food as mature adults, and given that ontogenetic changes in sleep amount were still present in these mutants, we tested whether they also develop sleep place preferences as they mature. We created sleep proportion heat maps for each mutant at day 1 and day 7 and quantified sleep PPI. Most short sleeping genotypes shifted the location of sleep episodes for at least part of the day/night towards the food side of the tube as they matured ( Figure 5A ). The difference in sleep PPI was significant during both the day and night in rye, sss and tara ( Figure 5 , B and C). Fmn and sh mutants displayed a significant shift in the same direction during either the day (fmn) or night (sh). Finally, inc [1] flies showed a similar but non-significant trend ( Figure 5 , B and C). Unlike wild-type flies, certain short-sleeping mutants (fmn and rye) preferred the side of the tube opposite from the food when young and shifted towards the food with maturation. Despite having a place preference for sleep even when young, these mutants still exhibited ontogenetic change in sleep place preference.
Long sleepers exhibit ontogenetic changes in sleep amount
Lastly, we sought to determine whether the genetic dissociation of overall sleep duration from sleep ontogenetic change also applies to mutations that increase overall sleep time. We investigated ontogenetic change in sleep amount in previously described genetic lesions that increase sleep: neuronal ADAR knockdown using Elav-GAL4 to express ADAR RNAi [27] and brain-specific deletion of DTH ("DA-deficient") [28] . We found that although these lesions increase sleep time in mature flies compared to genetic controls, young flies of all genotypes still slept more than the respective mature flies (Figure 6 ). Therefore, all studied molecular lesions that alter overall sleep duration do not impinge on sleep ontogenetic change, suggesting unique genetic control of sleep ontogeny.
Discussion
Ontogenetic changes in sleep are highly conserved in Drosophila, with increased sleep time and intensity in young adulthood. However, developmental changes in other aspects of sleep have not previously been investigated. Further, despite the identification of several genes that regulate sleep in mature adults, prior work has not addressed the genetic regulation of sleep ontogeny. Here, we demonstrate that many aspects of sleep behavior undergo ontogenetic change in early adulthood, including sleep place preference and motor twitching. Additionally, we show that sleep ontogeny is not regulated by genes that control overall sleep amount, suggesting independent genetic control.
Consistent with our previous study in the SB DAM system [12] , our results in the higher resolution MB system show that young adult flies sleep more than do mature adults. One drawback of the SB system is that it slightly overestimates sleep, as movement on either end of the tube that does not break the center beam will register as sleep [16, 20] . Thus, it was possible that past estimates of young fly sleep reflected a tendency to stay on one side of tube for prolonged periods of time, rather than actual sleep, but our data show this is not the case.
Other studies have reported sleep place preferences in mature flies [14] [15] [16] [17] . Our MB and video data support the idea that mature flies prefer to sleep in the vicinity of the food source, consistent with other video-based measurements [14] [15] [16] 36] . Importantly, we show by video analysis in males that while a portion of sleep in the earlier part of the day (ZT3) may actually be feeding, this confound is not likely to account for sleep data later in the day, as we can visualize a high percentage of flies completely immobile near the food without feeding at ZT5 and ZT7. Previous video tracking data has also shown that in the second half of the day, flies sleep near the food [16] . Thus, we are confident that our MB data reflects a sleeping place preference in mature flies, which constitutes another sleep behavior that appears to be conserved in mice and humans [37, 38] .
In contrast with mature flies, we found that young flies sleep with less preference for location. We wondered whether higher homeostatic sleep drive in young flies makes them less selective about where they sleep. However, our data show that sleep deprivation in mature flies does not similarly alter sleep place preference. While it is possible that a sleep-deprived mature fly does not mount the same degree of sleep drive as a young fly, brain regions involved in processing elevated sleep need show increased levels of activity in young flies and mature deprived flies [12, 39, 40] , suggesting that these states are comparable. Thus, our results suggest that the lack of place preference in young flies is a unique feature of sleep ontogeny unrelated to elevated sleep drive.
Our video data also revealed that flies, like mammals, exhibit motor twitches during sleep that occur more frequently in young animals, including in short-sleeping mutants. We found that sleep twitches in both male and female flies are qualitatively similar to those observed in developing rodents, comprised of discrete, non-random jerky movements separated by periods of quiet rest [18, 33] . As in rodents, we also did not observe simultaneous twitches in different muscle groups. In young rodents, twitches allow peripheral muscle activity to trigger correlated responses in relevant areas of the somatosensory cortex [41] . Activity in the sensorimotor cortex is higher during active sleep (when twitching occurs) than during wake in young rodents, and sleep twitches are thought to facilitate sensorimotor development [33] . Phenotypic similarity between fly and mammalian twitching suggests that sleep twitches in developing flies may serve a similar purpose to that in mammals. While gross motor skills appear to be well-developed in young flies, behaviors that rely on more complex motor programs, such as courtship and aggression, exhibit ontogenetic changes which may stem in part from ongoing refinement and integration of sensorimotor systems [42, 43] . Indeed, we have previously shown that sleep deprivation in young adulthood leads to a persistent courtship deficit which stems from impaired growth of a courtshiprelevant olfactory glomerulus [12] . In addition to this olfactory defect, it is also possible that early life sleep deprivation hinders twitch-dependent sensorimotor development, contributing to compromised courtship ability. Interestingly, motor twitches in young rats occur exclusively during active sleep, which is more frequent in young mammals and is intimately linked to brain development [33, 44] . Despite the lack of an identifiable active sleep analog in Drosophila, recent work showed that flies sleep in stages with varying levels of arousability, indicating that fly sleep may be more complex than previously appreciated [19, 45] . Further, work in honey bees demonstrated different sleep stages and spontaneous antennal movements during more active sleep [46] . It is thus possible that motor twitches in flies preferentially occur during a particular type of sleep that is more prevalent in early life. Even in the absence of clear active sleep in flies, the presence of sleep twitches and conservation of ontogenetic change in this behavior raises the possibility of a conserved function for twitching in relation to nervous system development.
What is the genetic basis of sleep ontogenetic changes? Here we examined whether known sleep regulatory genes also control features of sleep ontogeny. We found that all studied sleep mutants sleep significantly more as young adults, indicating that this basic aspect of sleep ontogeny is not regulated by any of these genes that exert dramatic effects on overall sleep amount. The presence of exaggerated ontogenetic sleep change in fmn mutants is consistent with our previous work showing that at the circuit level, increased sleep in young flies stems from hypoactivity of dopaminergic neurons [12] . Since short sleep in fmn mutants results from a compromised ability to clear wake-promoting dopamine from the synapse, young fmn flies likely have less dopamine to clear compared to mature fmn flies, allowing them to sleep more [12] . Intriguingly, sleep ontogenetic change persists in brain-specific dopamine-deficient flies, suggesting that low dopamine is not the only contributor to increased sleep in young flies. Importantly, analysis of all mutant genotypes focused on male flies, so it is still possible that certain mutations affect sleep ontogeny in females. However, since ontogenetic changes in sleep amount, daytime place preference, and sleep twitches are present in both males and females, we do not expect the genetic control of sleep ontogeny to be sex-specific. Notably, none of the studied short sleeping mutants achieve the high sleep amounts seen in young wild-type flies, indicating that the molecular lesions responsible for mature adult short sleep phenotypes still influence sleep at this earlier developmental stage. Similarly, young flies that are genetic long sleepers also sleep more than their respective controls at the same age. Yet, the persistence of ontogenetic change despite the presence of altered sleep amounts at both ages suggests an independent genetic control mechanism for sleep maturation. Building on the candidate-based approach described here, future work will utilize unbiased screens to identify sleep ontogeny regulatory genes.
Like wild-type flies, most studied short-sleeping mutants exhibit ontogenetic changes in sleep place preference, with sleep closer to the food as mature adults. Additionally, ontogenetic changes in sleep twitch frequency also occur in short sleeping fmn and inc [1] mutants. Thus, sleep ontogenetic change in these mutants is a multifaceted phenotype not limited to sleep amount, raising the possibility that an unknown master regulator controls several sleep ontogeny behaviors.
Collectively, our results indicate that sleep ontogenetic change encompasses multiple behaviors in Drosophila, including sleep time, place preference, and motor twitches. Our results are consistent with work in mammalian systems showing that sleep in early life is qualitatively different from sleep in adulthood, and likely serves an important function in the developing brain. Further, we show that ontogenetic changes persist across different molecular etiologies of short and long sleep, suggesting that the genetic control of sleep ontogeny is distinct from that of overall sleep amount. Future studies aimed at identifying the specific genes that regulate sleep ontogeny will lend insight into mechanisms controlling early life sleep and provide new avenues for investigating the role of early life sleep in brain development.
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